Borrelia burgdorferi B31 cultured at 28³C was used to assay the effects of tick hemolymph on outer surface protein C (OspC) surface expression. Using immunofluorescence, OspC surface expression was shown to increase in cultures treated with hemolymph from both Ixodes scapularis and Dermacentor variabilis, while control samples (non-hemolymph treated) showed no increase in the levels of OspC. Sodium dodecyl sulfate^polyacrylamide gel electrophoresis also showed an increase in OspC from spirochetes exposed to tick hemolymph. In addition, a lower-molecular-mass protein band of unknown identity was also enhanced in the hemolymph-exposed spirochetes. The significance of these effects of tick hemolymph on B. burgdorferi outer surface protein expression is unknown. ß
Introduction
Borrelia burgdorferi sensu stricto, the Lyme diseasecausing spirochete, alters the expression of two outer surface proteins (OspA and OspC) during transmission from the Ixodes tick to a mammal host [1] . Several factors in£uence the modulation of Borrelia proteins, including temperature [1^3] and the blood meal acquired upon host feeding [1, 4] . During the attachment and feeding of Borrelia-infected nymphal or adult ticks, OspC expression increases while OspA expression decreases [5, 6] . With the ingestion of the new blood meal the temperature within the ticks midgut becomes elevated. However, temperature alone may not be the only factor that causes the spirochete to undergo outer surface protein changes in vivo.
The signi¢cance of protein modulation in terms of the successful transmission of the spirochete through the tick vector is not fully understood. Expression of OspC by B. burgdorferi in feeding ticks (infected prior to the blood meal) appears to enhance the successful transmission of the spirochete to the mammal host [7, 8] . In addition, this modulation of outer surface protein expression increases the infectivity rate of B. burgdorferi in a new mammalian host [4] . Evidence for the involvement of tick factors in modulating protein expression by B. burgdorferi has recently been shown with the up-regulation of OspC by a tick cell culture and elevated temperature [9] . However, the e¡ect of tick hemolymph, the medium that the spirochetes must traverse in their passage from the midgut to the internal organs, on protein expression has not been considered. The present study demonstrates the`up-regulation' of OspC in the presence of tick hemolymph plasma (in vitro) independent of temperature.
Materials and methods

Ticks
Dermacentor variabilis ticks were reared as previously described [10] using rats (Rattus norvegicus) and rabbits (Oryctolagus cunniculus). Ixodes scapularis were colonized from ticks collected near Armonk, NY, USA, fed on rabbits and the spirochete-free progeny reared to adults. All life stages were fed on rabbits and the fed ticks incubated at 26 þ 1³C and 92 þ 1% RH. Virgin adult females, fed on a rabbit for 5 days, were used in this study.
Bacteria
B. burgdorferi low passage B31 strain used in this study was obtained from the Center for Disease Control, Fort Collins, CO, USA. The spirochetes were cultured and prepared for inoculation as previously described [11] . Brie£y, bacterial cultures were subcultured in BSK-H (Sigma, St. Louis, MO, USA) three times at 28³C in a 5% CO 2 incubator. Mid-exponential phase cultures were centrifuged (3000Ug for 10 min), washed with 8 mM phosphate-bu¡-ered saline (PBS) pH 7.4, and resuspended in the same bu¡er. Cell numbers were determined using a Brightline hemocytometer and a Nikon Optiphot phase contrast compound microscope.
Tick inoculations and hemolymph collection
All tick inoculations with B. burgdorferi and hemolymph collections were done as previously described [11] .
In vitro assay
To assay the e¡ects of tick hemolymph plasma on expression of OspA and OspC by B. burgdorferi, 240 Wl of culture (W10 6 cells) was added to 40 Wl of hemolymph from Borrelia-challenged ticks [11] or 40 Wl of Shen's tick saline [12] in a 96-well microtiter plate. Plates were incubated at 28³C for 24 h. After 24 h the cells were centrifuged and resuspended in PBS. Aliquots were used for immuno£uorescence assay (IFA) and sodium dodecyl sulfate^polyacrylamide gel electrophoresis (SDS^PAGE) analysis.
IFA
The IFA used to detect spirochetes was based on previously published methods [13] . Brie£y, equal aliquots of control and hemolymph-treated B. burgdorferi cultures were smeared on slides, dried (20 min) and acetone ¢xed (20 min at 4³C). Slides were washed three times in PBS after each step. Ten Wl of diluted (1:5) OspA speci¢c monoclonal antibody H5332 (from Dr. A. Barbour, University of California, Irvine, CA, USA, courtesy of Dr. D. Jaworski) or OspC speci¢c monoclonal antibody (courtesy of Dr. A. de Silva, University of North Carolina, Chapel Hill, NC, USA) was added to each slide and incubated for 1 h at 33³C. After incubation, the slides were washed three times in PBS, before 10 Wl of goat anti-mouse IgG £uo-rescein^isothiocyanate conjugate (Kirkegaard and Perry Lab. Inc., Gaithersburg, MD, USA) at a 1:40 dilution was added and incubated at 33³C for 1.5 h. The slides were again washed three times in PBS and prepared using the SlowFade1 AntiFade Kit according to the manufacturer's instructions (Molecular Probes, Eugene, OR, USA). Slides were viewed using a £uorescence microscope (Nikon Optiphot with epi£uorescence attachment) and photographed using a Nikon 35-mm camera attached to the microscope.
Gel electrophoresis
Equal numbers of treated and control B. burgdorferi, resuspended in PBS after treatment and centrifugation, were boiled in SDS sample bu¡er for 5 min prior to gel electrophoresis. SDS^PAGE was carried out using 10^20% Novex pre-cast Tricine gradient gels (Novex, San Diego, CA, USA) according to the manufacturer's instructions. Staining was with the Colloidal Blue Staining Kit (Novex).
Results and discussion
The successful passage and resulting transmission of B. burgdorferi through the vector tick, I. scapularis, involves a series of complex interactions between the spirochete and an array of di¡erent tick tissues and environments. Upon feeding of nymphal or adult Borrelia-infected ticks, spirochetes in the midgut undergo rapid multiplication whereupon they traverse the midgut epithelium. Within the hemocoel the spirochetes must evade recognition and phagocytosis from circulating hemocytes and any soluble antibacterial proteins until they can reach the salivary glands. The organisms then penetrate the gland tissue and prepare for subsequent transmission to the new host. Presumably, OspC contributes to this successful spirochete passage and tissue colonization since it is upregulated in spirochetes making this transition [9] . Whether OspC acts as a recognition molecule for certain tissues (invertebrate as well as vertebrate) or if it acts as a colonization or spreading factor is not fully understood; yet it's correlation with dissemination through ticks [8] , and increased virulence in mammals [4] makes it's function in Lyme disease, particularly during B. burgdorferi transmission, an important ¢nding.
It has been previously shown that B. burgdorferi cultured at temperatures lower than 30³C express lower levels of OspC than cultures grown at 32³C; OspA, however, is expressed equally at both temperatures [3] . At 28³C, Borrelia cultured in the presence of I. scapularis hemolymph has abundant OspC (Fig. 1A) , in contrast to the 28³C-nohemolymph controls where this protein was not present or only weakly expressed (Fig. 1B) . However, OspA does not appear to have been a¡ected by exposure to tick hemo- lymph, being strongly expressed in both the control bacteria and the treated bacteria (Fig. 1C and D, respectively) . No evidence is available to indicate whether the observed increase in OspC antibody reactivity is due to increased expression of the ospC gene, or a relocation of OspC to the surface of the outer membrane, thereby making it more accessible to the anti-OspC antibody.
To ascertain whether this OspC modulating behavior is tick species speci¢c (i.e. in I. scapularis) the same assays were carried out using hemolymph from the American dog tick Dermacentor variabilis (a non-competent vector of B. burgdorferi). The results were similar to that seen with I. scapularis (competent vector) hemolymph. IFA data showed increased levels of OspC following treatment of B. burgdorferi with hemolymph from Borrelia-stimulated D. variabilis ticks ( Fig. 2A) versus non-treated Borrelia (Fig. 2B) . Again, OspA was evident in both treated and control samples (Fig. 2C,D) .
SDS^PAGE results (Fig. 3 ) also show an increase in OspC in spirochetes treated with hemolymph (lane 1) as compared to the control culture (lane 2). Similar results were seen with hemolymph from both D. variabilis and I. scapularis. Although OspC is present in the control lane following SDS^PAGE, it was not detected by IFA (Figs. 1B and 2B ). The reason for this is currently unknown but may be due to either a concentration e¡ect, or perhaps the OspC seen following gel electrophoresis is not expressed on the outer surface of the bacterial cell.
Following treatment with D. variabilis hemolymph it was necessary to adjust the bacterial numbers to equality between treated and control samples. This step was necessary since hemolymph from Borrelia-inoculated D. variabilis is borreliacidal, killing approximately 70% of the spirochetes in vitro [11] . Whether the killing e¡ect of D. variabilis hemolymph is against those cells not expressing OspC is currently unknown; if this were the case, this activity would result in a population of cells that showed enhanced levels of OspC. It was possible that the increased levels of OspC seen on the gels were the result of protein released during the killing of the B. burgdorferi by the hemolymph. However, as the cells were pelleted prior to gel electrophoresis, this appears to be unlikely since the free protein would have been removed during the centrifugation. Additionally if the increase in OspC intensity on the gel results from large fragments that pelleted with the cells, these should have been visible in the IFA, where only intact cells were visualized. A third possibility that the increase in OspC detected by gel electrophoresis is the result of unequal protein loading also appears unlikely since other protein bands (e.g. OspA) appear to be somewhat depressed in the hemolymph-treated sample. The SDS^PAGE results taken together with the results of the IFA indicate that there is an increased level of OspC following exposure of B. burgdorferi to tick hemolymph. OspC may not be the only protein subject to such`upregulation'. A band of lower molecular mass than that of OspC also appears to be increased in hemolymph-treated cells (Fig. 3, lane 1 (LMW) ).
Increased expression of OspC by both I. scapularis and D. variabilis cell-free hemolymph supports the hypothesis of a non-species-speci¢c tick factor in£uencing expression of OspC. That the non-vector hemolymph would also affect expression of spirochete outer surface protein argues for the role of a ubiquitous tick factor such as a soluble protein or hormone common to these ticks. Alternatively, di¡erences in pH or osmotic pressure between the midgut and hemolymph may also be responsible for the changes in surface protein expression. Because B. burgdorferi expression of OspC in vivo occurs during the ¢rst 48 h of tick feeding, it is possible that this factor may play a physiological role during the imbibing of the blood meal. The identi¢cation of the factor present in tick hemolymphenhancing expression of OspC in B. burgdorferi will assist in our understanding of B. burgdorferi transmission from tick to mammalian host.
